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C. Damage mechanicsA detailed investigation of the failure mechanisms for angle-interlocked (AI) and modiﬁed layer-to-layer
(MLL) three dimensional (3D) woven composites under tension–tension (T–T) fatigue loading has been
conducted using surface optical microscopy, cross-sectional SEM imaging, and non-destructive X-ray
computed tomography (CT). X-ray microCT has revealed how cracks including surface matrix cracks,
transverse matrix cracks, ﬁbre/matrix interfacial debonding or delamination develop, and has delineated
the complex 3D morphology of these cracks in relation to ﬁbre architecture. For both weaves examined,
transverse cracks soon become uniformly distributed in the weft yarns. A higher crack density was found
in the AI composite than the MLL composite. Transverse cracking initiates in the ﬁbre rich regions of weft
yarns rather than the resin rich regions. Delaminations in the failed MLL specimen were more extensive
than the AI specimen. It is suggested that for the MLL composite that debonding between the binder
yarns and surrounding material is the predominant damage mechanism.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
In recent years, the potential usage of three dimensional (3D)
textile composites has been recognised across a broad ﬁeld of
applications including civil infrastructure, wind energy, aircraft
and ground vehicle construction. Compared to the conventional
2D prepreg laminates, the 3D woven composites offer two major
beneﬁts. Firstly, by modifying the weave pattern and amount of
binder, warp and weft yarns, the mechanical properties can be
tailored to meet speciﬁc requirements without the need for
laminating. Secondly and perhaps more importantly, the
through-thickness z-binder yarns that are interlaced with the warp
and weft yarns inhibit the spread of delaminations [1–5]. As a con-
sequence, 3D woven composites are capable of providing higher
impact damage resistance and superior interlaminar fracture
toughness than conventional two dimensional laminates. The
aim of this paper is to apply a range of 2D and 3D characterisation
techniques to study the types of damage introduced into
angle-interlocked and modiﬁed layer-to-layer woven composites
subjected to Tension–Tension (T–T) fatigue loading.1.1. Damage modes in 3D composites under static and fatigue loading
A detailed insight into the mechanical properties and damage
mechanisms associated with 3D weaves must be gained before
they can be widely employed in safety critical applications. To
date, much of the literature [6–8] has focused on statistical analy-
ses based on large testing databases, or two dimensional observa-
tion of speciﬁc local damage events. Mouritz et al. [9] have
examined the tensile properties and failure mechanisms for glass
ﬁbre reinforced plastic (GFRP) composites fabricated using three
types of 3D woven fabrics. The results have demonstrated that
due to heavily crimped tows, the axial elastic modulus is reduced
by 20–30%. In some studies, the damage initiation thresholds in
woven composites during tensile loading have been registered by
acoustic emission, and the accompanying damage pattern corre-
lated with surface strain measurements [10,11]. The results have
shown that the non-crimp 3D orthogonal woven composites are
less prone to form transverse cracks and delaminations than their
2D laminated counterparts. Another study into a non-crimp 3D
orthogonal has identiﬁed the sequence of characteristic damage
events under quasi-static loading. The results have shown that
the initial cracks occurred at the boundary between yarns and that
transverse matrix cracks subsequently formed within yarns with
38 B. Yu et al. / Composites: Part A 77 (2015) 37–49increasingly straining of the composite, debonding cracks at yarn/
matrix boundary largely developed until the ﬁnal failure [12].
An increasingly important area is to address the question of
how the 3D ﬁbre architecture inﬂuences the behaviour of 3D
composites under fatigue loading. Geometrical defects, such as
local variations in ﬁbre content, polymer rich regions, ﬁbre crimp
or the contribution of the surface segments of z-binder, can be
detrimental factors and trigger damage, thereby compromising
strength and life [6,13]. Optical and scanning electron microscopies
are commonly used as tools for observing such microstructural fea-
tures on the surface or in cross-sections (destructively). In the
study of the fatigue behaviour of 3D multi-layer angle-interlock
woven composites, destructive sectioning studies have been used
to reveal damage modes as a function of fatigue cycles [14]. In
many cases this proceeds from the occurrence of surface matrix
cracks, which grow into the transverse yarns, leading to delamina-
tion between warp and weft yarns and eventually ﬁbre breakage.
Studies [15,16] have demonstrated that in the early stage of
fatigue, the performance of 3D orthogonal woven composites is
degraded due to transverse matrix cracks spanning resin rich
channels. The strain is found to concentrate in the area where
the binder tows enter the surface layers of the fabric structure
[17]. This is why cracks tend to initiate and spread along the
interface with the neighbouring material, facilitating the
debonding of the binder yarns.
1.2. Damage inspection by X-ray CT
A promising approach for the identiﬁcation and quantiﬁcation
of damage is X-ray computed tomography (CT). As well as allowing
a quantiﬁcation of the 3D woven architecture as manufactured, it
allows the non-destructive evaluation of damage propagation
and the identiﬁcation of damage micromechanisms. Usually, the
studied object is rotated through 180 while a series of
high-resolution digital radiographs (projections) are acquired.
Then, a suitable reconstruction algorithm is applied to the obtained
radiographs to computationally reconstruct a volumetric image of
the sample. Conventionally contrast arises because different
phases (and defects) have different levels of X-ray attenuation
[18,19]. The spatial resolution can be optimised to resolve features
in the micron and even sub-micron range [20]. For example, spatial
resolutions of 0.7 lm have been used to detect of ﬁbre breaks [21]
by synchrotron X-ray CT. X-ray CT has enabled a quantitative void
analysis of GFRP [22] indicating that void size and location strongly
correlate with fatigue life. In situ experiments using time-lapse
X-ray tomography allows changes in deformation and temperature
to be applied during the scan, while monitoring the damage evolu-
tion. It has been exploited in the study of 0 splits in a [90/0]s
carbon ﬁbre reinforced plastic (CFRP) laminate [23,24]. X-ray CT
has found applications for model development and validation,
quantitative measurement of crack opening and shear displace-
ments [25], and detailed quantiﬁcation of the accumulation of ﬁbre
breaks [26].
The ability to resolve features of interest in X-ray images is lar-
gely dependent on the image resolution. The optimal resolution
that can be obtained from one scan is often limited to the sample
size. It has been concluded that the resolution is usually around
2–3 pixels. Furthermore if the detector is 2000 pixels across, this
means that in full-object imaging resolution can be no better than
around 1000th of the object dimension [27]. For testing a coupon
up to 20 mm in width, a resolution of 20 lm may not be sufﬁcient
to resolve microstructural features. However, features smaller than
the resolution can be potentially resolved, if they have sufﬁcient
contrast. Some studies have used dyes penetrants to increase the
contrast for X-ray imaging [28,29]. For cracks fully impregnated
with dye penetrant, they are potentially detectable even if theiropening <5% of pixel size [28]. Region of interest X-ray CT does
allow smaller regions within a larger sample to be imaged [30]
or alternatively images can be stitched together to form larger
composite images [31]. Other methods for dealing with large
samples [32,33] involve focusing on developing representative
models that contain comprehensive statistical characteristics
acquired from small samples. If information on tow orientations
and geometrical defects is included such models can predict
the stochastic variation of microstructure of virtual specimens of
any size.
In this study, a comprehensive analysis has been performed on
the ﬁnal damage state for 3D angle-interlocked and 3D modiﬁed
layer-to-layer woven composites under T–T fatigue loading. By
presenting surface and cross-sectional images (acquired by SEM
and optical microscopy) as well as three-dimensional images (by
X-ray CT), this paper aims to investigate the extent to which
macroscopic behaviour can be correlated with the local (damage)
microstructure. For woven composites complex crack geometries
might be expected given the 3D nature of the weave, but until
now surface and cross-sectional 2D images of damage have not
been correlated with 3D micro CT damage maps.2. Materials and experimental methods
2.1. Fabrication of 3D woven composite specimens
A conventional rapier weaving machine equipped with elec-
tronic Jacquard Shedding was used to produce the 3D preform
using S-2 high strength glass (Young’s modulus 90 GPa, tensile
strength 4800 MPa, relative density 2.49 g/cm3) yarns with
4200 ﬁlaments per tow. The 3D angle-interlocked fabric is a
single-layer preform, containing ﬁve layers of weft yarns with bin-
der yarns in the warp (loading) direction (see Fig. 1(a)). The mod-
iﬁed layer- to-layer fabric (shown in Fig. 1(b)) comprises four
layers of weft yarn, with binder yarns woven in the warp direction.
Unlike the typical layer-to-layer structure, the fabric is modiﬁed by
additional warp yarns interlaced into the top and bottom layers
following a plain weave pattern to strengthen the whole structure.
The details relating to the two types of performs are summarised in
Table 1, and are further reported in [34]. It is worth noting that in
both fabrics all the yarns are identical.
The sample panels of both composites were fabricated under
identical laboratory conditions. The Araldite LY 564 epoxy resin
and XB3486 hardener were mixed as the matrix, which was then
degassed in a vacuum oven for 1 h at 23 C to remove the trapped
air. Both 3D woven fabrics were infused in a vacuum bag using
Vacuum Assisted Resin Infusion method at room temperature.
After infusion, the composite was cured in an oven at 80 C for
8 h and then cooled naturally (according to the resin manufacturer
recommendations). The composite plate was held in the sealed bag
under vacuum until it had completely cured. The fraction of ﬁbres
in each direction can be determined by dividing the number of
yarns in one direction into the overall number of yarns. When this
is multiplied by the overall ﬁbre volume fraction it gives the ﬁbre
volume fraction in each direction. Table 2 shows the ﬁbre volume
fraction in the warp and weft directions.
Composite test-pieces 200 mm long by 20 mm wide were cut
from the composite plates (Fig. 2) with the longer side parallel to
the warp direction. The thickness of AI specimens and MLL speci-
mens were 2.09 ± 0.04 mm and 1.79 ± 0.05 mm respectively. The
50 mm long glass-ﬁbre/epoxy end tabs were bonded onto the ends
of each specimen, leaving a gauge length of 100 mm. Referring to
the ASTM standard D3039, the tapered tabs were used to reduce
stress concentration at the tab end so that the failure can occur
within the specimen gauge length.
warp direction (y) (loading direction)



































Fig. 1. Idealised schematics showing (a) 3D angle-interlocked fabric (left) and its cross-section (right); (b) modiﬁed layer-to-layer woven fabric (left) and its cross-section
(right). Weft, binder and additional warp yarns are coloured blue, purple and pink, respectively. Yarn spacing and dimensions not to scale. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Materials speciﬁcation of 3D preforms [34].










660 1966 14.66 11.66
Modiﬁed layer-
to-layer
660 1841 15.3 8.66
Table 2
Fibre volume fraction for the two woven structures.
Fibre Structure Volume fraction (%)
Warp + Binder Weft
Angle-interlocked 22.5 17.8
Modiﬁed layer-to-layer 30 17
B. Yu et al. / Composites: Part A 77 (2015) 37–49 392.2. Static and fatigue tensile testing
For static testing, the specimens were loaded at room tempera-
ture using an INSTRON 5582 machine (100 kN load cell) in uniaxial
tension at a crosshead displacement rate of 2 mm/min. An AVE
non-contacting video extensometer was used to measure the strain
changes over a gauge length of 50 mm. Five samples of each struc-
ture were tested to failure in the warp direction. The results of ten-
sile tests are summarised in Table 3. The typical stress–strain
curves for the twomaterials are shown in Fig. 3. In the fatigue tests,
a sinusoidal tension–tension cyclic loading was applied along the
warp direction at constant maximum stress amplitude at afrequency of 5 Hz using a hydraulic INSTRON 8802 and with the
minimum to maximum stress ratio R = 0.1. Maximum stress levels
of 210 MPa and 231 MPa were applied for the AI and MLL samples
respectively, corresponding to 45% ultimate tensile strength.
Fatigue testing was continued until three samples failed within
the gauge length. The fatigue test results are presented in
Table 4, showing that both composite samples have similar fatigue
lives. Images of failed specimens under static and fatigue loading
are presented in Fig. 4 and Fig. 5, respectively.
2.3. Optical microscopy
Optical microscopy was employed to observe top surface matrix
cracks for the angle-interlocked failed specimen (AI3) and a mod-
iﬁed layer-to-layer failed specimen (MLL3). Subsequently, a Zeiss
Evo 60 EP-SEM was used to examine the cracks on a
cross-section parallel to the loading direction (approximately
5 mm from the sample edge). The damaged section was embedded
in a block of epoxy resin, with 24 h of curing at room temperature,
which is not believed to introduce any damage. Distances up to
20 mm from the ﬁnal fracture surface was examined through a ser-
ies of images taken along the cross-section.
2.4. 3D visualisation of internal damage
Both AI3 and MLL3 specimens were examined by X-ray CT.
Before CT scanning, a dye penetrant was employed to increase
the contrast of damage in the X-ray images. The sample was
soaked for 24 h in the dye penetrant containing 250 g zinc iodide,











Fig. 2. Sample test-piece geometry (dimensions in mm).
Table 3





Ultimate tensile strength (MPa) 467 ± 35 513 ± 32
Ultimate tensile strain (%) 4.01 ± 0.37 3.30 ± 0.19
Young’s modulus (GPa) 17.7 ± 0.5 21.6 ± 0.9
Table 4










AI1 121,432 MLL1 113,919
AI2 84,316 MLL2 62,783
AI3 65,110 MLL3 67,703








Fig. 3. Typical stress–strain curve of the AI and MLL specimen. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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drive dye penetrant to ﬁll all the cracks [28]. Although this tech-
nique is limited to those cracks which are exposed to the dye pen-
etrant, preliminary scans have shown that this staining procedure
ensures that the microcracking damage can be fully resolved in the
X-ray images. To assess the effect of soaking in the dye penetrant,
two scans were performed on an untested sample before and after
staining. Comparison of the two samples suggests that no damage
was introduced by the staining procedure.
The SEM images of the modiﬁed layer-to-layer sample (MLL3)
suggested that a 10 lm pixel size would be sufﬁcient for the CT
imaging. Consequently, the Nikon custom bay at the Manchester
(Henry Moseley) X-ray Imaging facility was used to scan sample
MLL3 using a voxel size of 10.7 lm on a region of interest scan cor-
responding to a 16.0  16.0  3 mm3 volume located in the middle
of sample. The accelerating voltage and current used in this work
were 70 kV and 90 lA respectively. 3142 two-dimensional projec-
tions were collected as the sample was rotated over 360.
Consequently, the total data acquisition time was 2 h 37 min.
An X-ray CT scan was performed on the angle-interlocked
sample AI3 using a Zeiss Xradia VersaXRM-510. In order to achieve
sufﬁcient resolution to resolve cracks, a smaller piece with a cross
section of 4 mm  4 mm was cut from the sample. The 4  objec-
tive of the scanner was selected. The total volume in the ﬁeld of
view was 3.5  3.5  3.5 mm3, resulting in a voxel size of 1.7 lm.
The source voltage and current were set to 60 kV and 84 lA respec-
tively. The exposure time for each radiograph was 3 s, with 3001
radiographs being collected over 360, with a corresponding total
data acquisition time of 4 h.After scanning, each reconstructed 3D volume was loaded in the
3D visualisation software Avizo 8.0 (VSG, Burlington, MA) to iden-
tify and segment features of interest. The X-ray CT image contained
three distinct peaks in the gray-level histogram, corresponding to
the epoxy resin, glass ﬁbres and the cracks. By deﬁning thresholds
around two appropriate gray-scale values, two material labels
were assigned to the fabric and cracks. A manual correction was
also performed, slice by slice, to remove noise and correct the auto-
matically selected regions, so that a better visualisation of ﬁbres
and cracks was achieved.
In order to visualise the morphology and location of the damage
relative to the warp and weft yarns, a procedure has been devel-
oped to segment the warp and weft separately rather than simply
select the regions of ﬁbres in terms of contrast which would pack-
age them together. The procedure is based on detecting the circular
cross-sections of the ﬁbres in the slices perpendicular to the given
yarn direction, and comprises the following steps:
1. Each slice perpendicular to the ﬁbre direction is ﬁltered by a
‘Laplacian of Gaussian’ function, with the standard deviation
of the Gaussian function being set to approximately
p
2  ﬁbre
diameter. This highlights features having sizes corresponding to
the ﬁbre cross-sections.
2. Noise in the ﬁltered slices is then reduced by applying a 1-D
bilateral ﬁlter [35] along the ﬁbre direction. This also sup-
presses features which do not extend over more than a few
slices in the ﬁbre direction.
Fig. 4. Photomicrographs showing overall failure of (a) AI specimen and (b) MLL specimen under static loading.
Fig. 5. Photomicrographs showing overall failure of (a) AI specimen and (b) MLL specimen under T–T fatigue loading.
B. Yu et al. / Composites: Part A 77 (2015) 37–49 413. A binary segmentation was created by setting a gray level
threshold, above which all voxels were set to 1 and below this
all voxels were set to 0.
4. The geometry of the connected components within the binary
segmentation was analysed to remove those which are unlikely
to correspond to individual ﬁbres or groups of closely spaced
ﬁbres (i.e. ﬁbres more closely spaced than the resolution ofthe images). In particular, a minimum threshold is applied to
the area on each slice as well as the width and aspect ratio
(width/length). The ﬁrst condition removes small features
which are likely to be due to noise. The last two conditions
remove components in each slice due to ﬁbres in the other
direction, these components being typically long and thin














Fig. 7. Normalised force–displacement slope changes as a function of the number
of fatigue cycles. (Loading direction: warp). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
42 B. Yu et al. / Composites: Part A 77 (2015) 37–49to the remaining segmented regions to ensure they appear in a
minimum number of slices or more. The procedure was coded
in Matlab 2013a (MathWorks, Natick, MA) and 3-D renderings
of the ﬁbres in the separated binder and weft yarns are pre-
sented below.
3. Results and discussion
3.1. Mechanical behaviour under fatigue testing
In order to monitor the damage development and changes of
modulus for both materials, hysteresis loops were plotted in the
form of load versus displacement at different intervals of fatigue
cycling, which are shown in Fig. 6. In each cycle, the load and dis-
placement of 25 points were registered. Although the effect of sys-
tem compliance should be eliminated, the general changes of
mechanical properties during the test can be reﬂected by the vari-
ation of the shape of the hysteresis loops. The area of the hysteresis
loop indicates the energy dissipated in each cycle, which is associ-
ated with the linear and the non-linear deformation. As shown in
Fig. 6, in both materials, the hysteresis area gradually increases
while moving along the tensile displacement axis, with the number
of fatigue cycles, suggesting the softening of materials is due to
damage accumulation.
Fig. 7 shows the changes of slope in the load–displacement
curve. Using the same method as described in [7,8], the slope
was extracted from the line segment between the point at maxi-
mum and minimum stress in each hysteresis loop. It was then nor-
malised by the initial value of the slope. In both materials, the
load–displacement slope decreases rapidly during the initial stage
and ﬁnal stage of fatigue life, whereas it decreases stably during
the main part of the life time. This implies the material must expe-
rience a signiﬁcant loss of stiffness, which might be due to trans-
verse matrix cracks in the early stage and extensive interfacial
debonding until just before the ﬁnal failure.
3.2. Surface and cross-section cracks
Surface resin cracks for samples AI3 and MLL3 were studied by
optical microscopy (Fig. 8). Because glass/epoxy samples are natu-
rally transparent, in the bright transmitting light some sub-surface
cracks are detectable.
It can be seen from Fig. 8(b) for the AI3 sample, that the trans-
verse cracks are rather densely distributed within each weft yarn
having a fairly regular crack spacing. It is easy to observe on the
photograph of the preform (Fig. 8(a)) the surface depressions
caused by ﬁbre crimping. As binder yarns pass through the struc-







Fig. 6. Load–displacement hysteresis loops for sample (a) AI3 and (b) MLL3, plotted at di
level: 45% of UTS, loading direction: warp). (For interpretation of the references to colobunch together. During resin infusion process, the resin accumu-
lates in the surface depressions, which are potentially susceptible
to matrix cracking, as indicated by the yellow arrows. It is note-
worthy that these cracks are inclined at an orientation to the load-
ing axis. This might be related to the movement of the surface
segments of binder yarns, often referred to as Z-crowns. Each
Z-crown tends to rotate to align with the loading direction when
binder yarns are subjected to constant loading during tensile load-
ing. As a result, an in-plane shear stress arises in the area around
each Z-crown, leading to these off-axial resin cracks. This inference
is conﬁrmed by the 3D visualisation in the section of the CT results
(see Fig. 11(f)).
Optical images of the modiﬁed layer-to-layer sample (MLL3) are
presented in Fig. 8(b) where the transverse cracks are distributed
across the weft yarns, similar to the AI3 sample. It is noteworthy
that some cracks (as indicated by the yellow arrows) are oriented
at 45 to the loading axis, being situated in the resin rich surface
regions. These cracks are regularly distributed on the sample sur-
face, being associated with delamination between surface resin
and yarns. Although the top and bottom surfaces partially follow
the plain weave pattern, the microscopic behaviour is different to
the typical behaviour of plain weave composites reported in [36],
where delaminations can be only found between warp and weft
yarns near the cross-over point, not at the interface between sur-







fferent intervals during the fatigue test until just before the ultimate failure. (Stress



























Fig. 8. (a) Photo-micrograph of angle-interlocked preform prior to inﬁltration; (b) corresponding optical micrograph of sample (AI3) surface after fatigue failure; (c)
photograph of modiﬁed layer-to-layer preform prior to inﬁltration; (d) corresponding optical micrograph of sample (MLL3) after fatigue failure. The images show transverse
cracks (red arrows) and longitudinal cracks (white arrows) and surface resin cracks (yellow arrows). Fatigue loading was along the warp direction. The weave pattern (black
lines) is overlaid to aid interpretation of the crack locations in (b) and (d). The loading direction (y) is vertical. (AI: Nf = 65110, MLL: Nf = 67703). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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tures, resin rich regions are inevitably created on the specimen sur-
face as a result of the periodic crimp of the woven fabric. Surface
matrix cracks have shown geometrical dependency as they regu-
larly occur in these resin rich regions. This suggests that resin rich
surface regions are one of the structural defects vulnerable to
strain concentration.
Serial cross-sectional SEM images were taken and stitched
together in order to examine the overall crack distribution, which
is shown in Fig. 9. Some images were taken at high magniﬁcation
to reveal the local damage in greater detail.
In the middle image, it can be seen that the cracks show bright
contrast due to a charging effect arising from poor conduction
associated with the crack. Usually, charging is detrimental to
SEM imaging, especially using secondary electron mode.
However, in this case, it is very small and does not affect the
electron-probe scan, while the detection efﬁciency is higher.
Therefore, it is able to resolve very ﬁne cracks which are only vis-
ible at higher magniﬁcation in the back scattered electron images
(shown in the magniﬁed insets).
As shown in Fig. 9, it is evident that these transverse cracks are
regularly distributed in the vicinity of the failure site, with 3–5
cracks occurring within each yarn. This observation is very similar
to the matrix cracking observed in (0/90)ns laminates [37]. This
implies that these transverse cracks may have reached a saturated
state in the ﬁnal stage of fatigue life. It is likely that transverse
cracks appeared ﬁrst within weft yarns where the ﬁbres are closely
packed. The debonding cracks at the ﬁbre/matrix interface arethought to be the origin of transverse cracks. With increasing
strain, the debonds started to link up, subsequently coalescing in
the form of the transverse cracks. Then the transverse cracks can
either split at the binder/weft interface creating delamination, or
spread further into the resin rich pocket. As mentioned earlier,
off-axis matrix cracks in the surface resin rich region are due to
local stresses (mainly shear) introduced by the periodic crimp of
the woven fabric. By contrast, Fig. 9 also shows resin rich pockets
inside the material suffer matrix cracking caused by local tensile
stress. However, they are less commonly developed than those
within yarns and thereby unlikely to emerge as the initial damage
to cause other type of damage. This differs from the ﬁnding of some
other studies [6,16] of 3D woven composites, which observed that
in the resin rich channel between the tows inside the material, ini-
tial damage occurs in the form of transverse matrix cracking and
continues to develop with increasing amount of cracks. However,
our observations are broadly consistent with an earlier study of
damage mechanisms in plain woven composites [38], where fati-
gue damage is ﬁrst characterised by continuous cracks in the trans-
verse ﬁbre bundles, which are then deﬂected in the cross-over area,
causing meta-delaminations.
A quite different picture of cracking is revealed by the
cross-sectional SEM images of the modiﬁed layer-to-layer sample
(MLL3) in Fig. 10. In this case, the debonding of binder yarns and
its neighbouring material occurs predominantly in the vicinity of
the failure site. There is no evidence of ﬁbre breakage in binder
yarns further away from the failure site. This suggests that ﬁbre





Fig. 9. Scanning electron micrographs of the angle-interlocked sample (AI3) showing the region just to the left of the failure site (just out of view). The transverse cracks are
fairly regularly distributed. The higher magniﬁed insets show the morphology of some of the cracks. The cracks are white in the middle image taken by secondary electrons,




Fig. 10. Scanning electron micrographs of the modiﬁed layer-to-layer sample (MLL3) with the failure sight just out of view to the right. The images were taken using
backscattered electrons. (Nf = 67703).
44 B. Yu et al. / Composites: Part A 77 (2015) 37–49progressive rupture distributed throughout the whole sample. It is
likely that the debonding of binder yarns is the dominant damage
mechanism until just before ﬁnal failure, with interfacial cracksgrowing to such an extent that the binder yarns completely get
detached from their surroundings. As a result, the binder yarns
keep straightening due to the high axial loading until they
B. Yu et al. / Composites: Part A 77 (2015) 37–49 45ruptured completely, leading to the catastrophic failure of the
whole structure. This is a similar failure process to that in [9],
where localised failure was found in three 3D woven composites
(orthogonal, normal layered interlocked and offset layered inter-
locked) subjected to tensile loading. After the rupture of one yarn,
if the load is not effectively shared locally, sudden failure is
expected to happen shortly afterwards. Moreover, these exten-
sively developed debonding cracks are on the order of tens of
microns, much larger than the submicron sized cracks in the AI3
sample. This indicates that the 3D ﬁbre architecture is an impor-
tant factor on shaping the damage morphology and growth pattern
during fatigue.
3.3. Three dimensional visualisation of internal damage
Fig. 11 shows an isosurface rendering of the cracks and their
interaction with the binder (coded white) and weft (coded blue)
yarns. The damage mechanism with its associated microstructure
is clearly distinguished in the 3D visualisation of the two broken
samples.
The 3D information shown in Fig. 11(a) and (b) agrees very well
with what has been found in Fig. 9, with transverse cracks dis-
tributed within the weft yarns in a regular pattern. Our previous
study has found that these transverse cracks are probably the pre-
dominant damage mode in the early stages of fatigue [39]. Despite
the fact that the sample exhibits a similar damage mechanism to
the plain weave structure as mentioned above, a signiﬁcant differ-
ence is noteworthy. In the plain weave structure, damage is more
conﬁned to individual yarns, because the matrix crack and delam-
inations usually emerge in each unit cell and then connect with
another one in the adjacent unit cell [36]. By contrast, in the
angle-interlocked structure interfacial debonding can propagate a
long way along the boundary of the binder yarn. Moreover, the
transverse cracks appeared to extend all the way through the weft
yarns. It may be that compared to the plain weave structure, ﬁbre
crimp can cause less resistance to the propagation of transverse
cracks and debonding in this structure.
In addition to the transverse cracks which most probably initi-
ate other types of damage, it is interesting to ﬁnd that the debond-
ing cracks (highlighted by the ellipse B in Fig. 11(c)) arise at the
outer surface of binder yarns, creating a large detachment of binder
yarns. Moreover, longitudinal cracks (shown by the ellipses C in
Fig. 11(d)) also exist within the binder yarns. As the longitudinal
cracks propagate further, they can grow into the interface between
weft and binder yarn, indicating that transverse cracks are not the
only reason for interfacial debonding. This suggests that fatigue
damage does not necessarily start with the transverse cracks. It
may also originate from the debonding at yarn boundaries or lon-
gitudinal cracks.
Oriented in a similar way to surface resin cracks found in
Fig. 8(b), a resin crack (coded red) is selected from the ellipse D
in Fig. 11(e) and magniﬁed in Fig. 11(f). The resin crack is located
in the resin rich region, connecting with a transverse crack in the
weft yarn. It is possible that this crack is also inclined to the load-
ing axis due to the local shear stress. This could be explained by the
opposite movement of the two bundles of ﬁbres, which creates
local shear stress and causes shear failure of the resin in between.
As aforementioned, in the as-manufactured samples, binder yarns
do not stay parallel with the loading direction. Thus, it seems pos-
sible that local shear stress is introduced in the resin rich region
area, while the reconﬁguration of binder yarns is taking place.
Unsurprisingly, not only are the CT results in good agreement
with the 2D images, but also offer more informative and compre-
hensive observation, in terms of the interaction of cracks with each
other. Perhaps, one of the signiﬁcant beneﬁts that X-ray tomogra-
phy can offer is to perform time-lapse experiments. Our previousstudy has shown the potential of intermittently imaging a sample
during fatigue testing, revealing the evolution of damage during
fatigue life [39].
The segmented CT images of the failed modiﬁed layer-to-layer
sample (MLL3) are displayed in Fig. 12. The ﬁlter developed for
segmenting the warp and weft ﬁbres requires a high image resolu-
tion, which is not available for this data. Thus, a semi-manual
method was applied. The boundaries of the weft yarns were man-
ually outlined every ten slices. Once the contours were ﬁlled, the
spatial domains of the weft yarns were generated using the slice
interpolation tool.
John et al. [40] stated that the damage-induced cracking is
architecture-related, with transverse cracks strongly dependent
on crimp angle of the warp yarns. In their study, yarn
re-conﬁguration and ﬁbre crimp angle have been taken into con-
sideration, when investigating the formation of transverse crack-
ing. In accordance with their ﬁndings, it is shown in Fig. 12(e)
that the transverse crack angle appears to be affected by the crimp
angle of the binder yarns. When the sample was subjected to ten-
sile loading, the bending deformation of the binder yarns on the
top and bottom of the weft yarns occurred, causing the transverse
cracks at the tensile side of weft yarns. It is possible that crimp
angle of binder yarns may inﬂuence the stress concentration point
on weft yarns where the transverse cracks were initiated and
thereby determined the orientation of transverse cracks. An
in-depth investigation into the relationship between the crimp
angle of binder yarns and orientation of transverse cracks should
be the subject of future research.
As is illustrated in Fig. 12(a), the ellipse A shows the location of
45cracks, which join two transverse cracks within two adjacent
weft yarns on the surface. In order to get a clear observation, the
resin crack and its surroundings have been extracted and enlarged
in Fig. 12(d). Evidently, the 45 crack is well situated at the surface
resin rich region, which is created by the local depression of binder
yarns. While a constant tensile stress is applied, the area of resin
accumulation tends to fail due to shear stress, as a result of which,
cracks form at approximately 45 to loading axis.
Compared with the angle-interlocked composites, here the
debonding cracks are much more extensive. These cracks usually
follow the path of the binder yarns, as a result of shear deformation
between binder/binder and binder/polymer matrix. The large
undulation of the binder yarns could explain why the cracks lar-
gely develop along the interface. When a tensile stress is applied,
binder yarns will become straightened so as to orient with the
loading direction. Because of the relative movement of binder
yarns with their surroundings, resin shear deformation may take
place during the straightening process. A similar ﬁnding is also
found in [9,15,16]. These extensive debonding cracks indicate that
in the ﬁnal stage of fatigue life the binder yarns largely detach from
the structure.
In order to compare the saturation of transverse cracks between
the two types of samples, two CT datasets have been digitally
cropped to give two volumes having approximately the same size.
11 orthoslices parallel with the loading direction (y axis) were
extracted at equal distance, dividing each volume into
sub-volumes across the width (x axis). In both studied volumes,
only several yarns were entirely reconstructed, while the remain-
ing tows are partly shown on the orthoslices. It is difﬁcult to statis-
tically quantify the average number of cracks per yarn. Therefore,
the transverse crack density was measured, by dividing the num-
ber of cracks within each yarn by the length of major axis of each
yarn. As a result, the crack density of the AI composite is 2.1 per
mm, whereas the crack density of the MLL composite is 1.9 per
mm. If we assume the width of the yarns ranges from 1.5 mm to
2.5 mm, there should be 3–5 cracks within each yarn in both mate-










Fig. 11. Internal crack distribution for the angle-interlocked sample (AI3) recorded by X-ray CT (a) surface cracking (selected in ellipse A) takes place in the resin rich region;
(b) the transverse cracks are regularly distributed along the sample, spanning the whole thickness of weft yarns; (c) debonding cracks (selected in ellipse B) grow along the
boundary of the binder yarns; (d) longitudinal cracks (selected in ellipse C) interact on debonding; (e) off-axis matrix cracking (selected in ellipse D) in resin rich region; (f)
magniﬁed cracks; (g) and (h) orthoslices showing debonding cracks along with binder yarns caused by transverse cracks (selected in ellipse E and F). Binder and weft yarns
are shown in white and blue whereas the resin is rendered transparent. Note the regular nature of the cracking pattern. (Nf = 65110). (For interpretation of the references to
colour in this ﬁgure, the reader is referred to the web version of this article.)
46 B. Yu et al. / Composites: Part A 77 (2015) 37–49slightly higher in the AI composite than in the MLL composite.
Some recent work [41] on quantiﬁcation of the internal structureand automatic generation of voxel models of textile composites





Fig. 12. CT visualisation of the internal crack distribution for the modiﬁed layer-to-layer sample (MLL3): (a) segmented warp, weft yarns and cracks are shown in white, blue
and yellow; (b) same as image (a) with warp yarns hidden; (c) extensive damage in the failure site; (d) magniﬁed 45 resin crack shown in red; (e) orientation of transverse
cracks changes with ﬁbre crimp angle. The failure region is on the right. Note the regular nature of the pattern of cracking. (Nf = 67703). (For interpretation of the references to
colour in this ﬁgure, the reader is referred to the web version of this article.)
B. Yu et al. / Composites: Part A 77 (2015) 37–49 474. Concluding remarks
The aim of this study was to undertake a comprehensive com-
parison of the fatigue performance of 3D woven composites having
angle-interlocked (AI) and modiﬁed layer-to-layer (MLL) ﬁbre
architectures loaded parallel to the warp yarns. The manufacturing
of both 3D composites was conducted under the same laboratory
conditions and using the same ﬁbre and matrix constituents. 2D
surface (optical micrography), 2D cross sectional (scanning elec-
tron microscopy) and 3D (X-ray tomography) imaging were usedto characterise the damage patterns in both specimens. The follow-
ing concluding remarks can be drawn from the present
investigation.
a. For the angle-interlock specimen it was found that trans-
verse cracks distribute very evenly within the weft yarns,
showing a higher crack density than the modiﬁed
layer-to-layer tensile specimen. By contrast, for MLL speci-
men the growth of debonding cracks or delamination along
the interface between the binder yarns and the surrounding
48 B. Yu et al. / Composites: Part A 77 (2015) 37–49material was found to be the dominant damage mechanism.
These observations suggest that the transverse cracks in the
weft yarns and binder debonding (delamination) have a
strong inﬂuence on stiffness and fatigue properties in both
3D ﬁbre structures. The 2D shear-lag model developed by
Soutis and co-workers [37,42] could be used in future work
to quantitatively estimate stiffness reduction due to resin
cracking and delamination, see also work by EI Hage et al.
[43].
b. The results show that prior to failure, both woven architec-
tures exhibited regular patterns of transverse cracking
accompanied by delamination, showing resistance to ulti-
mate failure even at relatively high crack densities. In both
cases, damage accumulation is a progressive, evenly dis-
tributed and fairly stable process. When ultimate failure
occurs in both structures, ﬁbres suddenly fractured in a nar-
row failure zone rather than multiple fractures along the
specimens. This is possibly associated with local stress mag-
niﬁcation effect and triggers the fracture of the warp yarns
leading to ﬁnal failure.
c. Optical microscopy has revealed off-axial matrix cracks on
the surface due to local shearing, which is well conﬁrmed
by the 3D visualisation of the resin crack and the illustration
of the tendency of yarn movement by X-ray CT. Moreover,
the CT results conﬁrm that the matrix cracks interact with
the transverse cracks in both woven structures.
d. We recognise that X-ray CT could play an important role in
providing a more detailed and informative interpretation
of the evolution of fatigue induced damage in 3D woven
composites. These ﬁndings provide an insight into the pro-
gress of damage from initiation through to failure in both
woven composites under cyclic loading, information that
could be used in theoretical and/or numerical (ﬁnite
element-based) models. Further experimentation using
time-lapse CT scanning to study the damage evolution
would be of great help in near new future work.Acknowledgements
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